Abstract This study presents a GIS-based database framework used to assess aggregate terrestrial habitat impacts from multiple highway construction projects in California, USA. Transportation planners need such impact assessment tools to effectively address additive biological mitigation obligations. Such assessments can reduce costly delays due to protracted environmental review. This project incorporated the best available statewide natural resource data into early project planning and preliminary environmental assessments for single and multiple highway construction projects, and provides an assessment of the 10-year state-wide mitigation obligations for the California Department of Transportation. Incorporation of these assessments will facilitate early and more strategic identification of mitigation opportunities, for single-project and regional mitigation efforts. The data architecture format uses eight spatial scales: six nested watersheds, counties, and transportation planning districts, which were intersected. This resulted in 8058 map planning units statewide, which were used to summarize all subsequent analyses. Range maps and georeferenced locations of federally and state-listed plants and animals and a 55-class landcover map were spatially intersected with the planning units and the buffered spatial footprint of 967 funded projects. Projected impacts were summarized and output to the database. Queries written in the database can sum expected impacts and provide summaries by individual construction project, or by watershed, county, transportation district or highway. The data architecture allows easy incorporation of new information and results in a tool usable without GIS by a wide variety of agency biologists and planners. The data architecture format would be useful for other types of regional planning.
Road networks have multiple ecological impacts (Forman and others 2003; National Academy of Sciences 2005) and affect about one-fifth of U.S. lands (Forman 2000) . Transportation planners challenged with maintaining environmental quality while accommodating transportation needs (Levinson 2004 ) need effective ways to forecast ecological impacts. This capacity would permit better advanced integration of mitigation actions into regional resource management plans through proactive impact avoidance, streamlining of environmental review, and placement of compensatory offsite mitigation sites so that they support regional conservation goals. The long planning horizon of most transportation agencies for road construction projects provides an opportunity to assess impacts from multiple road construction projects, permitting a compilation of regional habitat impacts (Thorne and others 2006a) . This compilation can permit calculation of a transportation agency's cumulative mitigation obligations for a region. Tool development for the accurate projection of potential impacts has become an area of great interest to transportation agencies (Brown 2006) .
Mitigation for unavoidable road construction impacts has been recommended using regional (Brown 2006) or watershed-scale (National Academy of Sciences 2001) spatial domains. Expanding from project-by-project approaches to impact assessment of multiple road projects offers the possibility of ecologically superior and more economical results by aggregating many small mitigation areas required to target acquisition of larger blocks of habitat (Hardy 2007) . These could more easily be selected to support regional conservation plans (Possingham and others 2006; Margules and Pressey 2000; Sarkar and others 2006) , permitting mitigation acquisitions that contribute to more effective regional resource management or that better address endangered species needs (Section 10, U.S. Endangered Species Act, U.S. Congress 1973) . For U.S. transportation agencies, this approach has been mandated by the Safe, Accountable, Flexible, Efficient Transportation Equity Act (SAFETEA-LU; U.S. Congress 2005) , which directs transportation agency planners to adopt regional planning. Aggregated road project impact assessments can also permit streamlining of the environmental review process, because actionable direct environmental impacts, which can be measured at the multisite-scale using landscape-scale data, can be identified. For example, the area of a particular habitat type projected to be impacted across three projects could be summed, permitting identification of the extent needed to satisfy compensatory mitigation required of all three projects. Options for meeting the projected mitigation obligations include habitat acquisition by the agency developing the projects, use of a mitigation bank, and/or restoration of suitable habitat.
Review of potentially significant environmental impacts for proposed transportation projects typically has not occurred until a project receives funding authority, at which point, for the purposes of the National Environmental Policy Act (U.S. Congress 1969) , it becomes a ''programmed project'' subject to environmental review. However, in order to have reached the stage of program funding, a project must be fairly well developed in terms of its engineering requirements. This means that significant investment has already been made in project site selection and design, and the flexibility needed to avoid or minimize environmental impacts may have already been substantially reduced. In these circumstances, compliance-oriented compensatory mitigation (Environmental Law Institute 2006) becomes the only available option for satisfying environmental regulations, and is often a costly and timeconsuming procedure. In addition to forgoing the flexibility to practice avoidance and minimization of impacts at the early planning stage, current practice may rush environmental scoping in the haste to produce projects once funding has been programmed. Making use of regional and early impact assessments by quantifying aggregate impacts could help avoid these pitfalls (Hardy 2007) .
In the transportation field, late environmental assessment of road development project impacts is also the primary cause of costly construction delays (American Association of State and Highway Transportation Officials 2003) . For example, cost overruns for California Department of Transportation (Caltrans) projects are an estimated $59 million per year due to delays caused during environmental review (Byrne 2005) . A consortium of United States federal agencies have agreed that regional assessment and planning that permits early environmental impact assessment should be a goal to help guide the development of infrastructure projects (Brown 2006) , and U.S. transportation agencies have begun to address the call for regional aggregate road impact assessments. Some statewide examples include projects in Florida (Florida Department of Transportation 2001; Hoctor and others 2000) and the multiple initiatives listed by Brown (2006) .
Recognizing the spatial and temporal limitations of project-by-project impact assessment late in the planning process, the California Department of Transportation (Caltrans) has called for the development of early mitigation needs assessment capacity. This capacity would permit mitigation assessments for any programmed project in the state, for a minimum of a 10-year planning horizon, and would permit earlier incorporation of aggregate impact estimates that could be associated with any given set of projects. In particular, Caltrans seeks the capacity to assess summary mitigation needs of its 12 transportation planning districts. There is a desire to know whether or not impacted habitat types are rare, both locally and statewide. Moreover, there is a need to know mitigation needs within different planning units (e.g., watershed or administrative boundaries) across multiple spatial scales (Fig. 1) . This multiscale approach to mitigation assessment allows planning and policy questions to be addressed and actions taken at relevant spatial scales.
The utility of a Geographic Information System (GIS) approach for assessing landscape-scale road impacts has been recognized (Treweek and Vietch 1996; Miller 1999) , particularly the use of GIS quantitative predictions of habitat impact (Geneletti 2006) . GIS analysis permits identification of a footprint, or area extent, for each road project and its associated habitat impacts, permitting quantification of regional habitat impacts from multiple projects. This type of regional assessment can contribute to proactive environmental management (O'Neill and others 1997; Dale and others 2005) by informing systematic mitigation and conservation planning.
Environmental Management (2009) 43:936-948 937 This paper presents an approach to regional mitigation needs assessments that uses a database tool, constructed using GIS, that permits multiscale aggregate habitat impact assessment for single or multiple highway construction projects. The database consists of eight spatial representations of California that were combined to create a single spatial framework. We intersected the best available statewide landcover data, range maps of state and federally listed species, known locations of federally and state listed species, and existing human impacts consisting of roads and population density with the spatial framework. Finally, currently funded (programmed) major highway projects were incorporated to allow for an assessment of biological impacts caused by these projects. We present summary results of the aggregate impacts assessment from programmed Caltrans projects for each of the 12 Caltrans districts. In addition, as demonstration of the flexibility of the database structure, we report aggregate mitigation needs assessments for a single project, a large Central California coastal river watershed, the Salinas River, and for the projects along a single highway, Highway 132.
Methods
We developed a relational database which permitted the integration of biological, cultural, and infrastructure data. The database was developed by conducting spatial overlays in GIS (ESRI 2006) , whose output tables were subsequently incorporated in a Microsoft Access relational database (Microsoft 2006) . Key to the study was the spatial framework of the database, which consists of a Fig. 1 Mapped programmed highway construction projects were buffered on each side of their centerline by 500 m and were intersected with the planning units. This allowed analyses of the biological resources potentially impacted by future highway projects, by summation of the impact areas in various combinations of planning units. The planning units were used to intersect and summarize available biological, physical, and demographic information, which were also put into the relational database for assessing the Caltrans' biological mitigation needs.
Biological Database
The biological components integrated into the database comprise four elements that were mapped statewide: landcover derived from satellite imagery; point locations of known occurrences of state and federally listed threatened, rare, or endangered species; and species range maps, obtained from two separate data sources for state and federally listed threatened, rare or endangered plants and animals.
We used the California Department of Forestry and Fire Protection's Fire and Resource Assessment Program (FRAP; 2002) multisource GIS landcover of California map, a composite map based on the best available information in various regions with a 100-m raster cell size. It identifies 55 landcover types, termed Wildlife Habitat Relationship (WHR) classes, for 410,000 km 2 in California. The FRAP map was used to assess the extent of impacts by proposed projects on different habitat types.
We incorporated two sets of information about species: georeferenced observations and potential occurrences as measured by range maps. The georeferenced observations were obtained from the state's California Natural Diversity Database (CNDDB; California Department Fish and Game, Wildlife and Habitat Data Analysis Branch 2006), a natural heritage database containing reported locations for species of management concern. The terrestrial vertebrate range maps were developed by California Department of Fish and Game (2005) and represent wildlife biologists' handdrawn range maps for all California vertebrates. Vascular plant range maps were derived from the CalJep database (Viers and others 2006), which defines plant ranges by a plant's presence or absence in each of 228 map units in California, and is based on two California floras-the Jepson Manual (Hickman 1993 ) and the Munz flora (Munz 1968; Munz and Keck 1959) . We took the range map for each listed plant, and intersected it with its estimated elevational distribution (Hickman 1993) , resulting in a more conservative estimate of the distribution of each plant species. Each species occurrence and range map was intersected with the planning units and buffered programmed projects mentioned above, and resulting tables were input to the database.
Existing Impacts
A set of summary statistics was calculated for each planning unit, which indicates the level of human activity already present on the landscape. The roads' layer (Geographic Data Technologies 2006) was intersected with the planning units to calculate the length of different types of roads (federal or state highway), in each spatial unit. Similarly, block-level population and the number of homes (U.S. Census Bureau 2000) were broken into each spatial unit. These data provide contextual information about other potential ecological impacts in the area of the programmed highway projects.
Programmed Transportation Project Impacts
A GIS of programmed (already funded) transportation projects ( Fig. 2) was obtained from the California Transportation Investment System (CTIS; Caltrans, unpublished) and used to estimate the potential biological impacts due to each project within the planning units composed of counties, transportation districts, and nested watersheds. The CTIS GIS shows the segments of roads where projects are planned to occur and provides a description of each project. Based on the project description and consultation with Caltrans planners about the average distance affected by various types of road projects, we classified the approximate linear distance from the center of the road that would be impacted by different types of projects (Table 1) . The distance impacted ranged from 152 m for a highway being built on a new alignment to 2 m for median replacement or traffic operation systems. Sections of road along which more than one project overlapped were flagged so that in subsequent database analyses, these areas were not doublecounted.
Environmental Management (2009) 43:936-948 939 To estimate the amount of each habitat type impacted by each programmed project, we buffered each project 500 m out from the road centerline on either side, and intersected the resulting polygon with the landcover map. We identified the area occupied by, and the percent of, each habitat type within each buffered project. We then calculated the actual area of impact to each habitat type by multiplying the footprint of the project (length of road by distance from centerline impact from Table 1 ) by the percentage of area occupied by each habitat type in the broader landscape sample. This analysis permitted better identification of all the habitat types surrounding a project, some of which might not have been identified had we used only the estimated impact footprint of the project, because of the disparity of spatial scales between the statewide landcover map and the specific project extent. Since the landcover map has a 100 m resolution, and a project's impacts could extend only to a maximum of 152 m from the center of the road, better representation of habitat types potentially found in the impact area was obtained by sampling a wider area and then assuming that the types found would be proportionally present within the footprint of the project being analyzed.
The 500 m buffers of CTIS projects and the planninglevel watershed boundaries were intersected with the georeferenced observations of threatened and endangered species from the CNDDB. This permitted a list of listed species that had been recorded either in the vicinity of each project or within the watershed(s) each project was in.
To identify listed species that might be found at each CTIS project, the listed vertebrate and plant species range maps were intersected with all of the planning-level watersheds that road projects fell within. This permitted a list of threatened and endangered species that could potentially be on-site because their range intersected a watershed containing all or part of a project. This list represents species that biologists should look for when surveying the site.
Database Assembly and Outputs
Once the spatial processing was complete, the tables representing the intersection results were imported into a relational Microsoft Access database. All the biological data were linked to each highway and programmed road project within each of the planning units. A graphical user interface (GUI; Fig. 3 ) was developed to allow for queries to be run easily, and a report generating function was created to output standardized reports from the custom queries. Using the GUI, combinations of transportation district, county, watershed, highway, and projects can be queried and potential biological impacts due to programmed transportation projects returned in a standardized report format.
Five standardized reports are available for any given queried area: (1) the extent of different landcover types in the state and selected subregion and the area of each type impacted by all programmed transportation projects based on the project type in the given queried area; (2) a list of the georeferenced listed species occurrences (from the CNDDB) located in the watersheds containing the projects of the queried area, as well as (3) those that were located within 500 m of the selected programmed projects; (4) a list of the vertebrate species, including listing status, whose range maps overlap with the watersheds containing the projects for the queried area; and (5) a list of the state and federally listed plants, whose range maps overlap the watersheds containing the projects for the queried area. The first page of each report contains background summary contextual information about the queried area including the length of the different types of roads, size of human population, number of houses, number of programmed transportation projects, and publication date of data used for the analysis. Transportation planners in California commonly use areas and distances in acres and miles, so the database can report results in metric or English units. 
Results
We present mitigation needs results for a single project, the entire state, each of the 12 Caltrans districts, a watershed, and a single highway, to illustrate how projected impacts can be summarized for different study domains.
Single Project
Project 5-0A4000, selected at random, is a roadway rehabilitation, with an estimated 3 m impact on each side of the road. The work is scheduled along 8 km of highway and is projected to traverse 24 ha (3 m 9 8 km), with 52% of that going through agriculture and 34.6% through annual grasslands, both types that are extensive within the state and for which mitigation requirements are generally low. The project crosses 0.1 ha of blue oak woodland, a valuable habitat type for wildlife, and impacts 0.3 ha of critical coastal scrub habitat, which is a recognized conservation concern that is home to several endangered species. These fine scale results were derived through the buffered road sampling method and represent the landscape percentage that blue oak and coastal sage scrub occupy within 500 m of the project's centerline, multiplied by the area of the project footprint.
The range maps of 12 listed vertebrate and 9 listed plant species intersect the planning-level watershed in which the project occurs. These species are potentially present within the footprint of the project but have not been recorded there. The geographic locations of observations of five listed species are recorded within the watershed of the project, and four of those are found within 500 m of the project: California jewel-flower (Caulanthus californicus), giant kangaroo rat (Dipodomys ingens), blunt-nosed leopard lizard (Gambelia sila), and San Joaquin kit fox (Vulpes macrotis mutica).
Statewide and Caltrans District Aggregate Impacts
Of the 967 programmed road projects, the greatest number are in the San Francisco Bay area (District 4) and the Los Angeles Basin (District 7), with 183 and 157, respectively (Table 2) , which also have the most linear distance of new projects. These districts also have the largest human populations and the greatest number of housing units. However, 9 of the 12 districts have the greatest habitat impacts for at least 1 of the 55 landcover types, and Caltrans District 3, in the northern Central Valley and Sierra Nevada, has the highest level of impacts on a maximum eight habitat types (Table 3) .
Of an approximate 40,833,352 ha in California, 11,475 ha is estimated to be impacted by programmed highway projects (Table 3 ). Impacts to urban (4086 ha) and agriculture (2572 ha) lands are the largest. Among natural habitat types, annual grasslands and desert scrub are the most impacted, at 1716 and 981 ha, respectively. Other habitat types with [1 km 2 estimated impacts are blue oak woodland, coastal scrub, sagebrush, mixed chaparral, montane hardwood, and alkali desert scrub. Six habitat types are not forecast to have any impacts from these road construction activities. Caltrans Districts 6 (the San Joaquin Valley) and 4 (the San Francisco Bay Area) are projected to have the most impacts, with 2073 and 1565 ha of forecast impacts, respectively.
A total of 381 federal-or state-listed threatened, endangered, or rare species (132 vertebrates and 248 plants) have range maps that intersect watersheds containing programmed projects. Of these, 114 species have recorded occurrences within the watersheds containing the 967 programmed projects in the state, and 104 species have recorded occurrences within 500 m of a project. District 4 has the highest number of species, 91, whose ranges intersect watersheds containing programmed projects and 57 species recorded within 500 m of its 183 programmed project footprints. Districts 1 (North Coast) and 9 (South East Sierra) have the lowest number (5) of species known to occur within 500 m of programmed projects. Fig. 3 The interface to the California state mitigation needs database. This interface permits the user to select the geographic area to query and the type of report to generate. The coarsestscale watershed units (Hydrologic Region) are not included in the interface Note: Some projects occur in more than one district 
Note:
The state's summary is presented first, followed by the estimated impacts to each of the 12 transportation districts of the state. Locations of each transportation district are shown in Fig. 2 Specific Watershed
The Salinas River covers 9135 km 2 and contains 140,516 housing units and 429,762 people. There are 21 programmed projects in the Salinas watershed, with projected impacts of 162.7 ha, including 1 ha of coastal scrub, 8.3 ha of coast live oak woodland, and 0.06 ha of saline emergent wetland. More than 56 ha of the impacts are in urban areas, 43 ha in agricultural lands, and 43 ha on annual grasslands. There are 18 federally or state-listed vertebrate species and 28 listed plant species whose range maps intersect the watershed. Of those 46 listed species, there are georeferenced locations for 13 species within subwatersheds containing the projects, and 2 (Gilia tenuiflora ssp. arenaria and Vuples macrotis mutica) are within 500 m of programmed projects.
Specific Highway
Highway 132 is 122 km long and runs east-west between Modesto and Freemont in California's San Joaquin Valley (Fig. 3, inset) and has four programmed projects. Sixteen landcover types occur within 500 m of the highway, covering 12,152 ha, of which 68.4 ha would be impacted. Urban (50.1 ha) and agriculture (16.5 ha) will be the most impacted landcover types. Three natural vegetation types will be impacted: annual grasslands (0.9 ha) and two sensitive habitats, valley foothill riparian (0.6 ha), and freshwater emergent wetlands (0.1 ha). The report also includes the overall extent of each landcover type in the state, e.g., freshwater emergent wetlands cover 184,921 ha, of which 17% or 32,141 ha is currently protected, a low number for the high ecological value of this habitat. Three of the four projects programmed on Highway 132 are along the edges of urban areas, leading to the high level of urban impacts.
There are 14 listed terrestrial vertebrates and 23 listed vascular plants whose ranges fall in watersheds that intersect this highway. Sixteen listed species have georeferenced records within the project's watersheds, of which one, Swainson's hawk (Buteo swainsoni), was recorded within 500 m of the programmed projects along the highway.
Discussion
Agencies with long-term planning horizons are in a unique situation. They have the potential to assess and quantify some their mitigation needs early, and for multiple sites, which can lead to more biologically effective and cheaper mitigation solutions. A major challenge is successful identification of projected aggregate environmental impacts (Lawrence 2007) , which could permit mitigation plans acceptable to regulatory agencies (Brown 2006; Hardy 2007) . We showed that a GIS database approach could summarize road construction impacts to 55 landcover types and 177 listed plant and animal species, and that the results can be reported for different eight spatial representations of California.
The database developed for this study was intended to provide state transportation planners and transportation agency biologists with a simple tool for forecasting their cumulative mitigation needs. Once the data were integrated in the GIS, a database was developed that allowed the cross-querying of the biological resources, programmed projects, and spatial domains. The result was a capacity to estimate the mitigation obligations for programmed projects in any combination of the watershed and administrative units in the database. This multiscale framework permits spatially flexible summations of results between the 967 programmed projects, depending on the questions being asked. For example, an environmental impact biologist could use the database to preview what species might be encountered before heading out to the field for a survey of a project site, while an environmental planner could use it to assess the overall magnitude of mitigation obligations for habitat impacts in a watershed, transportation planning district, or highway (Fig. 1) . This type of multiscale forecasting capacity will make it easier to justify the acquisition of projected impacted habitat types for mitigation at an early phase of the planning process, when acquisition of the property is more logistically and fiscally feasible. In some cases early acquisition may be the only option, because waiting could lead to no habitat remaining available for acquisition.
Caltrans' long planning horizon provided an opportunity for an aggregate impact forecast. We were able to quantify the footprints of funded highway projects and assess their habitat-and species-level impacts. From a regional planning perspective, these results represent a first step or contribution to an overall accounting, which could eventually also include other development impacts to the same habitat types. This was one of the advantages of using a defined set of spatial domains for the database architecture; defined spatial domains permit easy incorporation of other impacts in any given planning unit into an overall analysis. This approach can help mitigation planning to better contribute to the broader goal of systematic conservation planning (Mattson and Angermeier 2007; Margules and Pressey 2000) .
Measures of other impacts that could be incorporated include landscape fragmentation indexes such as effective mesh size (Jaeger 2000; Moser and others 2007; Girvetz and others 2008) , which could provide further context on the level of habitat degradation in various planning units. Additionally, spatially explicit models of expected urban Environmental Management (2009) 43:936-948 945 growth (Johnston and others 2003; Thorne and others 2006a; Landis 1995) , its attendant transportation requirements, and its associated water quality impacts could be added to the framework. However, since the location of future urban growth is less centrally planned than that of road infrastructure, urban growth would need to use a model-based approach, such as the rule-based and geographical urban growth simulation modeling program UPlan (Johnston and others 2003) . Expected shifts in dominant vegetation under climate change (Lenihan and others 2003) could potentially also be integrated, although model spatial scale output is coarse, and there are multiple futures scenarios. These types of information (future urban growth and climate change impacts) could be used both to assess the possibility that a site will impacted by multiple effects (including roads) and to assess the long-term viability of proposed mitigation sites. In terms of biological resources, there are a number of other types of information that could be included in this database structure. Regional conservation plans and/or wildlife connectivity models that identify target areas for preservation could be incorporated (e.g., Penrod and others 2000; Thorne and others 2006b; Shilling and others 2002; Noss and others 1999) , so that transportation and other planners could know when a watershed they are working in has additional value for conservation or terrestrial connectivity. Detailed maps of species richness or hotspots are another measure of conservation importance (Myers and others 2000) that could be integrated. Air quality and stream condition data could also be incorporated, where mapped assessments are available.
The cumulative ecological impacts at a given road construction site may extend beyond the direct impacts described here. Additional impacts could include the compounding effects of multiple disturbances on processes such as species dispersal (Forman and Alexander 1998) , hydrologic systems (Risser 1988) , and water quality (Coats and Miller 1981) . Furthermore, mitigation is not always successful (e.g., Sudol and Ambrose 2002), and may require monitoring to determine long-term success (Hierl and others 2008). However, our approach permitted quantification of some direct impacts on a per-site basis and the capacity to sum those across sites. This capacity is an advance toward the goal of a comprehensive regional assessment capability. The framework presented here identifies methods by which other assessments of cumulative impacts could be incorporated.
Besides addressing only direct impacts, another limitation of this study was the detail inherent in the landcover map used. This map (California Department of Forestry and Fire Protection 2002) identifies the dominant landcover at a 1-ha (100 9 100-m) resolution. The landcover map's habitat classification system works well for identifying California habitat types used by vertebrates. However, the map's scale means that some fine-scale, biologically important landscape elements, particularly small wetlands such as vernal pools and freshwater emergent wetlands, are missed. Therefore, these results should be treated as an approximation of expected impacts, and on-the-ground surveys are likely to identify additional impact acreage, especially for spatially restricted habitat types. Site-level surveys will likely also result in somewhat different area estimates for the widespread vegetation types reported here, but we anticipate lower result discrepancies for those types.
We developed an expandable database framework as a first step for assessing environmental impacts for transportation project mitigation forecasting in California. As such, it represents a static summary of aggregate habitat impacts. Additional work will make it possible to update the spatial database, and user modifications may eventually be possible. Such modifications could permit the incorporation of new data at a central database location, but with the new projects being loaded and queried remotely from various agency offices, as is being done in Florida with the Efficient Transportation Decision Making web site (Florida Department of Transportation 2008) . In this manner, the database could be used to prescreen potential road construction projects at their earliest preprogrammed phase, leading to avoidance, the best mitigation practice of all.
This project demonstrated a technique for quantifying aggregate habitat impacts in a manner accessible to resource managers and planners. The open database structure permits easy updating as new data become available. The database framework can be adapted to address a wider range of potential impacts and a fuller accounting of natural resources as those become available, and could prove useful in other regional impact assessment and planning efforts.
